In exploring the cognitive reserve hypothesis in persons with substantial Alzheimer disease neuropathology, we aimed to determine the extent to which educational attainment and densities of diffuse plaques, neuritic plaques, and neurofibrillary tangles predict dementia. Participants were 1563 individuals aged 65 years or above who were assessed for dementia within 1 year of death. Generalized linear mixed models were used to examine whether education and density ratings of diffuse plaques and neuritic plaques, and neurofibrillary tangle stage were associated with a dementia diagnosis. Education interacted with densities of neuritic plaques to predict dementia. Tangle density independently predicted dementia, but did not interact with education. Diffuse plaque density was unrelated to dementia when adjusted for densities of neuritic plaques and tangles. Among individuals with Alzheimer disease neuropathology, educational attainment, as a surrogate of cognitive reserve, modifies the influence of neuritic, but not diffuse, plaque neuropathology on the expression of dementia.
the appearance of dementia symptoms. 1 Educational experience is one proxy measure of individual differences in cognitive reserve, and is thought to reflect differences in the use of preexisting cognitive processing approaches or the recruitment of compensatory approaches. 1 Support for the cognitive reserve hypothesis, and the use of educational experience as its proxy, comes from studies showing that individuals with greater education perform better on measures of cognitive functioning, 2, 3 are less likely to be demented, 4 and are at less risk of developing AD. 5 Additionally, in a sample composed of participants with a spectrum of AD lesions, education was found to interact with a composite measure of global AD neuropathology in predicting cognitive functioning. 2 This interaction was taken to suggest that individuals with greater education require more pathology than participants with less education before reaching any particular level of cognitive impairment owing to better cognitive functioning throughout adult life, and that education also modifies the effect of neuropathology on cognition. 2 When examined separately, densities of neuritic and diffuse plaques, but not neurofibrillary tangles, were found to interact with education in predicting cognitive functioning. 2, 3 Even among individuals with substantial levels of AD pathology participants with greater education, presumably reflecting greater cognitive reserve, are less likely to be clinically diagnosed with dementia in the year preceding death. 6 The purpose of this study is to examine potential interaction effects of education with semiquantitative ratings of neuritic plaques, diffuse plaques, and tangles in predicting a dementia diagnosis among these individuals.
METHODS
Data were obtained from the 2005 National Alzheimer Coordinating Center (NACC) Minimum and Neuropathology data sets, which contain information for participants enrolled in Alzheimer's Disease Centers (ADCs) supported by the National Institute on Aging (NIA). Participants who received any of the following autopsy diagnosis of AD were included in the sample: Khachaturian 7 (AD Present or Absent), NIA-Reagan Institute 8 (High, Intermediate, or Low likelihood of dementia being due to AD), and Consortium to establish a registry for Alzheimer Disease (CERAD) 9 (Definite, Probable, or Possible AD). Study inclusion also required a semiquantitative assessment of AD pathology for each of the 3 signature lesions of AD: neuritic plaques, diffuse plaques, and neurofibrillary tangle stage. 10 Although all participants met one of the inclusion diagnoses, not all participants had high-density ratings of each lesion type, because the neuropathology criteria vary as to the contribution of each lesion type in making the diagnoses. Khachaturian criteria rely on counts of senile plaques, including both neuritic and diffuse plaques, along with the density of neurofibrillary tangles in the neocortex for persons <75 years of age. Therefore, an older individual with frequent diffuse plaques, but few neuritic plaques could meet Khachaturian criteria for a diagnosis of AD Present. We included all CERAD and NIA/Reagan neuropathologic stages in our study criteria. Neurofibrillary tangles are not required for a CERAD diagnosis of AD, and these criteria allow the diagnosis of Possible AD for persons with sparse neuritic plaques. NIA/Reagan criteria allow the diagnosis of a ''Low Likelihood'' that dementia is due to AD when neuritic plaques are infrequent.
Other inclusion criteria were a clinical assessment for dementia within 1 year of death, age of 65 years or above at last assessment, and data on years of education.
The study sample was composed of data from individuals enrolled in 29 ADCs across the United States who died between 1986 and 2005. Because the autopsies were conducted locally for each ADC, the data reflect neuropathologic diagnoses made by multiple pathologists using a variety of tissue fixation, processing, staining, and immunohistochemical procedures. A 2003 survey of the neuropathology procedures used across ADCs indicates that the postmortem interval averaged between 0 and 4 hours for 10%, 5 to 8 hours for 35%, and 9 to 12 hours for 55%, of the 29 ADCs surveyed. Stains commonly used by the ADCs for identifying amyloid plaques encompassed: silver impregnation methods (69% of ADCs), Ab immunohistochemistry (69%), thioflavin-S (34%), and Congo red (24%). A variety of techniques was also employed by the different centers in identifying neurofibrillary tangles: tau immunohistochemistry (79%), silver impregnation methods (76%), and thioflavin-S (34%).
The clinical diagnosis of dementia was made in accordance with standard criteria for dementia 11, 12 and the clinical diagnosis of AD in demented individuals also was based on standard criteria. 13 The precise protocols used by clinicians at individual ADCs to obtain the information necessary to fulfill the criteria varied across sites, but all used key elements in common, such as the Mini-Mental State Examination. 14 A generalized linear mixed model (logit link function) examined whether education and semiquantitative methods for staging neuritic plaques and diffuse plaques, and Braak and Braak 10 neurofibrillary tangle stage were associated with a diagnosis of dementia (vs. no dementia) at the clinical assessment closest to death. Multiple preliminary models tested all possible 2-factor interactions between education and each of the neuropathology variables, and among the neuropathology variables themselves. Interaction effects that were significant in any of these preliminary models were included in the final model. The plaque and tangle variables were treated as categorical in the models. In the NACC dataset, plaque ratings (None, Sparse, Moderate, or Frequent) are based on the most severely affected cortical region. Owing to small numbers in some categories, the ''None'' and ''Sparse'' plaque categories and, similarly, the neurofibrillary tangle stage I and ''No tangles'' categories were combined into single categories in the analyses.
Because previous research examined interactions between education and each lesion type in separate models, rather than in a model combining all lesion types, 2,3 we repeated the analyses in models including a single lesion type. Additionally, because educational categories, rather than years of education, is sometimes used as the variable of interest in cognitive reserve research, 15 we reran the final model treating education as a categorical variable. All models adjusted for the effects of sex, race, age at death, and time from last clinical assessment to death. A random effect was included in the models to account for the effect of individual ADCs.
RESULTS
Of 8516 NACC participants who were evaluated for AD lesions using Khachaturian, CERAD, or NIA-Reagan Institute criteria, 1563 met inclusion criteria ( Fig. 1 ). Compared with participants who did not meet study criteria, study participants were more likely to be female (52% vs. 48%, P = 0.0012), white (96% vs. 95%, P = 0.0447), and had more formal education (14.7 vs. 13.7 y, P<0.0001).
Of those meeting study criteria, 743 (48%) were women and 1495 (96%) were white. Participants had a mean of 14.7 (SD = 3.7, range = 0 to 30) years of education, and a mean age at death of 82.6 (SD = 7.6, range = 65.2 to 111.1) years. The mean time between last clinical assessment and death was 0.48 (SD = 0.29, range = 0.003 to 1.00) years.
Of participants meeting inclusion criteria, 1278 (82%) were clinically diagnosed with dementia in the year preceding death. Preliminary modeling indicated that education interacted with neuritic plaque ratings, but not ratings of diffuse plaques or tangle stage, to predict dementia ( Table 1) . Other preliminary models (not shown) found no significant interactions among the AD lesions. Therefore, a term reflecting the interaction of education with neuritic plaque ratings was included in the final model.
In this model (Table 1) , dementia was associated with younger age at death (P = 0.0058) and higher neurofibrillary tangle stage (P<0.0001). There was no relationship between diffuse plaque ratings and dementia (P = 0.64). The final model confirmed a significant interaction between education and neuritic plaques (P = 0.0113). Because odds ratios for variables involved in interaction terms are not directly interpretable, the adjusted odds ratios for the association of years of education with dementia were calculated for each neuritic plaque rating. Adjusted odds ratios (95% confidence intervals) were 0.79 (0.72 to 0.87) for Frequent, 0.89 (0.82 to 0.96) for Moderate, and 0.74 (0.67 to 0.82) for ''None or Sparse'' neuritic plaques. Given the overlapping confidence intervals of the odds ratios, we ran the same model after collapsing the Frequent and Moderate groups, and compared the effect of education in predicting dementia in this group to the Sparse or None group, to clarify whether there is a nonincreasing effect in predicting dementia as the severity of neuritic plaque pathology increases. This test was statistically significant (2-sided P = 0.028), indicating that the effect of education is weaker among individuals with more severe pathology.
The model was repeated after trichotomizing education into the following categories: 0 to 12 years (n = 523, 34%), 13 to 16 years (n = 620, 40%), and 17 or more years (n = 420, 27%). Results were similar to those found in the previous analysis, which showed significant associations between dementia and younger age at death (P = 0.0092), and higher neurofibrillary tangle stage (P<0.0001), and indicating that the relationship between education and dementia varies with neuritic plaque stage (P = 0.0386). Figure 2 shows the proportion of participants in each education category who were demented for each neuritic plaque rating.
When the AD brain lesions were tested in separate models, fewer years of education was associated with a dementia diagnosis in all models (P<0.0001). Diffuse plaque ratings were predictive of dementia when their influence was considered alone (P<0.0001), but did not interact with education (P = 0.18) in the preliminary model. As in the previous analyses, a significant interaction between neuritic plaque densities and education was found (P = 0.0455), and tangle stage was associated with dementia (P<0.0001), but did not interact with education (P = 0.29).
DISCUSSION
Among NACC participants, years of education and ratings of neuritic plaques and neurofibrillary tangles, but not diffuse plaques, predict the presence of dementia in the year preceding death. Further, an interaction effect was found between education and neuritic plaques, indicating that the relationship between education and dementia varies significantly with the amount of neuritic plaques present.
In a previous study, we used both NIA-Reagan Institute and CERAD neuropathologic diagnostic criteria to stage AD lesions in the brain, and found no interaction between education and diagnostic stage on the likelihood of dementia. 6 The significant interaction found here between education and neuritic plaques, together with the lack of an interaction effect between education and neurofibrillary tangles, suggests that among individuals with extensive AD pathology, education modifies the effect of neuritic plaques, but not diffuse plaques, on the expression of dementia.
As is illustrated in Figure 2 , the effect of increasing neuritic plaque rating on the likelihood of dementia is most dramatic for persons with more education, and likely reflects education-group differences in the threshold of neuritic plaques required to affect cognition. Among individuals with sparse or no neuritic plaques, 83% of participants with 12 or less years of education are already demented, in comparison to only 36% of individuals with 17 or more years of education. Presumably, as the frequency of neuritic plaques increases, more and more highly-educated participants reach the threshold for dementia. At the highest neuritic plaque level, most participants, regardless of education, have surpassed the threshold and become demented. The interaction thus seems to be a ceiling effect. This finding is consistent with the cognitive reserve hypothesis that individuals with greater cognitive reserve (as reflected by the length of the formal educational experience in the present study) are better able to cope with brain pathology and remain cognitively intact for a longer period. 1 However, past work examining the effect of education on severity of cognitive impairment among persons with a broad spectrum of AD pathology, in addition to suggesting that individuals with greater education require more pathology than participants with less education before reaching any particular level of cognitive impair-ment, also indicated that each additional year of education lessens the impact of a unit of neuritic plaques. 2 Our use of a sample composed of participants with a restricted range of neuropathology, most of whom were demented, is the likely reason that the interaction of neuritic plaques with education shown here seems to be a ceiling effect. Taken together, these results suggest that the relationship between education, neuritic plaques, and cognitive functioning in AD may differ depending on the degree of advancement of the disease.
In the primary analysis examining possible interaction effects between education and diffuse and neuritic plaques, and tangles, the effects of the 3 AD lesions on dementia were considered simultaneously, because these lesions coexist in the brain, at least at the time of the neuropathologic assessment. Diffuse plaque ratings were unrelated to a dementia diagnosis in that analysis, although we found diffuse plaque ratings to be predictive of dementia in models including diffuse plaques as the sole lesion variable. These results suggest that the predictive value of diffuse plaques among persons with substantial AD neuropathology decreases when adjusted for the level of neuritic plaques and tangles present in the brain. As in our previous report, 6 a small but significant effect of age was found, indicating that older participants were less likely to be demented. Others have reported that older adult age is associated with less severe dementia, 16, 17 probably because persons who develop the symptoms of AD at an advanced age will die of other causes before dementia symptoms reach a severe stage. Or, as we noted previously, 2 this observation may be an artifact of the sample used, reflecting bias in participant referral to ADCs.
Use of a dataset composed of data from ADCs across the United States allows examination of associations between cognitive functioning and neuropathology in a very large number of individuals, and results are likely to be more generalizable to specialized clinical assessment for dementia as it is currently practiced across the United States than results generated from data at a single ADC. However, these advantages are accompanied by limitations. Compared with the general US population, study participants are more likely to be white, have more years of education on average, and generally live in particular geographic areas close to an ADC. Additionally, because participants both volunteered to take part in a research study, and agreed to brain donation, other characteristics of these participants may vary from those in the general population. For these reasons, caution should be used in generalizing these study results to the larger population of individuals with AD. Additionally, as noted earlier, data were not collected according to a single protocol. The sample used thus reflects diversity across the ADCs in participants, clinicians, neuropathologists, and assessment methods. However, we attempted to control for these differences by including ADC as a random variable in our analyses.
The reasons why plaque pathology, but not tangle pathology, interact with education in predicting cognitive functioning are currently unclear, although some have speculated that amyloid deposition in the form of plaques generally occurs at an earlier stage in AD, and that cognitive reserve may be helpful in coping with pathology at this earlier stage. 3 Neocortical tangles, however, normally appear later in the disease process, and are likely to be accompanied by more severe neurodegeneration, which may overwhelm cognitive reserve. 3 To aid in understanding how education and cognitive reserve impact the expression of dementia symptoms at different stages of AD pathogenesis, future research should complement the inclusion of the signature lesions of AD (diffuse plaques, neuritic plaques, and tangles), with measures of synaptic and neuronal loss which may correlate better with cognitive change. How these may interact with education in predicting cognitive change requires further investigation. 
